A 100 -mA 50-MeV H-accelerator is being designed at Los Alamos. The accelerating structures will operate at 425-MHz and will consist of a radio-frequency quadrupole (RFQ) to 2-MeV and a drift-tube linac (DTL) from 2 to 50-MeV. Design parameters have been specified to match the maximum operating capabilities of the rf system: 2-ms pulse length and 6% duty factor. The accelerating gradient in the DTL will be 4-MV/m; the maximum electric field will be approximately 1.2 times the Kilpatrick limit. These design parameters are substantially more ambitious than those of the accelerator test stand (ATS).
That copper will be used on the rf-structure surfaces is not in question. Concern with residual activation and thermal management forces the investigation of materials other than the traditional carbon-and stainless-steel base materials used at Los Alamos.
Physical constraints on cooling-channel design and a temperature limit on the permanent-magnet quadrupoles (PMQs) make the thermal management problem in the drift tubes more complex. Beam spill and target shine from a high-energy high-average-current beam are serious concerns driving the component activation problem. Copper alloys and copper-plated aluminum are being investigated for suitability as alternatives to steels. Table I summarizes some of the relevant properties of potential copper and aluminum alloys. Figure 1 illustrates the impact of material changes on PMQ temperature during operation; the cooling-channel configuration and coolant flow rate were based upon the ATS-DTL design. Because of the PMQ temperature limit, a drift-tube-body material that has a high thermal conductivity will complicate the fabrication procedure. Prompt radiation and residual activation (within an 8-hr window) of copper-alloy components are substantially worse than for aluminum-alloy components. Figure 2 presents Some copper alloys have a high enough electrical conductivity that copper plating may not be necessary. Other copper alloys are relatively easy to plate. A copper-clad aluminum structure would provide an rf surface without the necessity of plating, but component fabrication would be severely complicated by the bimetallic joints. High-quality copper plating onto a large aluminum-alloy structure will require development, but the outlook is promising.
Residual Activation
Residual activation (within an 8-hr window) of accelerator components is a major issue in material selection. Based on residual activation properties, aluminum alloys are far more attractive than copper alloys or steel. Cooling requirements on specific components (such as drift tubes) make the use of highconductivity copper alloys attractive.
A thin graphite liner on the drift-tube bore is a concept for reducing beam-spill-induced component activation.2 If graphite layers can be applied to the bore tubes, some of the adverse activation effects of copper alloys may be mitigated. For the same reasons, graphite also is being considered for the beamstop surface as was planned for the 5-MeV Fusion Materials Irradiation Test (FMIT) accelerator. 3 There are plans to evaluate graphite-to-copper bonding techniques using the 2-MeV FMIT accelerator. Residual activation of a graphite beamstop is shown in Fig. 3 . 
Corrosion8
Several factors should be considered to minimize corrosion problems in accelerator systems, including coolant type, coolant velocity, materials used, and fabrication techniques. If the coolant is water, additives and processing are necessary. From a general corrosion standpoint, aluminum alloys (lxxx through 6xxx) will behave essentially as pure aluminum. Copper alloys with at least 98% copper will behave as pure copper.
Aluminum alloys typically have a thin oxide film on exposed surfaces that makes them quasi stable in chloride-and sulfide-free water between pH 6 and 8. When this film is damaged by chemical attack or coolant impingement, the surface will be eroded even in highly purified water. Conservative design limits of coolant flow velocities are 300 cm/s for uniform flow and 60 cm/s for impinging flow. Higher flow rates can be traded off against component lifetimes. Copper alloys remain stable with deionized water as the coolant. The deionizing and polishing system must remove sulfide and nitrogen compounds, and oxygen. A maximum corrosion rate of less than 0.1 mm per year can be achieved by maintaining the oxygen concentration below 0.1 ppm. Other substances such as peroxide ions and radicals should be maintained below a total of 0.2 ppm each. A conservative velocity limit for uniform flow is 500 cm/s and 150 cm/s for impinging flow.
Combinations of copper and aluminum can lead to galvanic attack of the aluminum. Particular locations where galvanic action is likely to be a problem include copper-plated aluminum and various type of lap joints that are in contact with water. Where such junctions are unavoidable, the aluminum component should be designed with increased thickness within 0.5 cm of the contact. Beyond that distance, the high-resistivity water will insulate electrolytic communication between the dissimilar metals. For systems that combine copper and aluminum, proper water chemistry is critical.
Joints of both similar and dissimilar metals in contact with flowing coolant can also produce a condition known as crevice corrosion. Crevice corrosion should not be a problem if deionized low-conductivity water is used and care is exercised in the design of lap or butt joints.
Other general precautions should also be taken. The coolant should not be allowed to become stagnant. Even during beam shutdown, a reduced coolant flow rate should be maintained. Contact between the coolant and graphite, rust, or other particulate matter should be avoided. Ions and oxygen and other dissolved gases should be removed, especially in the coolant for the RFQ vanes and drift tubes.
Copper Plating Surfaces exposed to rf are usually copper plated to minimize ohmic losses. Different plating processes are available, depending on the choice of base metal. Bright-acid copper plating has been used for rf structures at Los Alamos; it has a purity of greater than 99% copper, but the oxygen content is not as low as for OFHC. Alkaline-plating processes, such as pyrophosphate-or cyanide-copper plating, may be attractive for an aluminum base.
The electrical conductivity of bright-acid plated samples has been measured to be 95% of the International Annealed-Copper Standard (IACS). Los Alamos has had experience with developing vendors for brightacid copper plating of large rf cavities on both the FMIT9 and ATS projects. These projects have used either carbon steel or stainless steel as the structural base. Copper plating onto a copper-alloy structure is expected to be straightforward. Some alloys with high electrical conductivities may not need to be plated. A process and a vendor would have to be developed for plating bright-acid copper onto large aluminum structures.
Several activation processes are available to prepare aluminum for applying bright-acid copper plating:
1-zincate, cyanide-copper strike, bright-acid copper plate; 2-zincate, electroless nickel, nickel chloride strike, cyanide--copper strike, bright-acid copper plate; 3- Alstanm activation process, bright-acid copper plate.
Processes 1 and 2 were evaluated on 6061-16 specimens at Los Alamos; a single specimen of each process was used. Both specimens exhibited nonuniform grain structures and significant thickness variations. Adhesion was very poor for Process 2 but excellent for Process 1. An outgassing measurement is planned but has not yet been performed.
Zinc is normally a "forbidden" material in vacuum systems, but the quantities of zinc involved in Processes 1 and 2 probably are low enough that they do not present a problem. The Alstan process does not use an intermediate zinc layer; it is not widely used for structural components--therefore, it is at an earlier stage in development than Processes 1 and 2. Development of a process and a vendor will be necessary, regardless of which process is chosen.
Conclusion
Based on a preliminary investigation, both aluminum and copper alloys appear to be viable candidates as the base material for accelerator components in high power-density applications. It is very likely that different materials will be chosen for different components. With some development of copper plating onto large aluminum structures, we expect that aluminum alloys will be suitable for a majority of accelerator components. The issue of residual activation is severe, but can be managed with the combined use of aluminum, graphite coatings, and restricted accelerator access.
